strike point on DIII-D for 4-18 s. These short exposure times ensure controlled exposure conditions, and the extensive arrays of DIII-D divertor diagnostics provide a wellcharacterized plasma for modeling efforts. Post-exposure analysis provides a direct measure of surface material erosion rates and the amount of retained deuterium. For carbon, these results match closely with the results of accumulated carbon deposition and erosion, and the corresponding deuterium retention of long term exposure tiles in DIII-D.
Deuterium retention of different materials was measured using the 3 He(d,p) 4 He nuclear reaction [5] . For carbon, these measurements showed peak deuterium areal density of about 8 × 10 18 D/cm 2 in a co-deposited layer about 6 µm deep, mainly at the usually detached inboard divertor leg. That layer of carbon near the inner divertor strike point has an atomic saturation concentration of D/C ≈ 0.25, which is not significantly lower than the laboratory-measured saturation retention of 0.4.
Under the carbon-contaminated background plasma of DIII-D, metal coatings of Be, V, Mo, and W were exposed to the steady-state outer strike point under ELMing and ELM-free H-mode discharges. The rate of material erosion and tritium retention were measured. As expected, W shows the lowest erosion rate at 0.1 nm/s and the lowest deuterium uptake.
INTRODUCTION
Plasma-material interaction (PMI) will play a crucial role in the design and operation of a high power magnetic confinement fusion device, directly impacting the areas of component lifetime, plasma performance, safety, vacuum pumping and fuel cycle designs [2] . The mission of DiMES is to establish an integrated PMI data base from a diverted tokamak to address ITER and power reactor PMI issues, specifically erosion, redeposition, and deuterium/tritium uptake. Relevant materials, C, Be, V, Mo, and W, have been exposed to provide the necessary data in the areas of plasma surface material erosion and tritium retention. These data are obtained during normal and transient (e.g., ELMs)
events. Data obtained by DiMES is shown to be consistant with measurements taken from wall tiles mounted in DIII-D for a full year's campaign. Along with analyzed DIII-D divertor plasma diagnostic data, they are also provided to plasma materials interaction modeling groups to help benchmark their complex codes. The relevance of these measurements to the ITER design is discussed. Finally, future tasks that can possibly be addressed by the DiMES program are mentioned.
THE DIMES EXPERIMENT
DiMES experiments are conducted by inserting ATJ graphite samples to the lower divertor of DIII-D as shown in Fig. 1 . Thin films (~100 nm thickness) of Be, V, Mo and W have been exposed by coating a small region of the sample's plasma facing surface.
During the exposure discharges, the sample is kept in the private flux region until the desired target plasma is achieved. The strike point is then swept onto the DiMES sample location. This is repeated over several shots to achieve the desired exposure time from 4-18 s [3] . Typically, the positioning control of the separatrix on the sample is accurate to within 5 mm. Before and after the exposure, the sample is characterized to make measurements of net carbon erosion, metal film erosion and redistribution. These samples are implanted with a Si depth-marker [4] . The depth marking technique with implanted Si allows measurement of the net carbon erosion/redeposition to ±10 nm using the technique of Rutherford Backscattering Spectroscopy (RBS) or Nuclear Reaction Analysis (NRA) [5] . Numerous DIII-D diagnostics are used to quantify the divertor plasma parameters of temperature and density, particle and heat fluxes, sputtered particle distribution, and magnetic field configuration [3] . These results are supportive of ongoing modeling efforts at Argonne National Laboratory [6] . Typical plasma parameters of interest are: gas = D 2 , 
CARBON EROSION AND DEUTERIUM UPTAKE
Carbon samples have been exposed to the steady-state outer strike point under ELMing and ELM-free H-mode discharges. Maximum net erosion rate as a function of incident heat flux is shown in Fig. 2 . Over the power range studied, the net erosion at the outer strike point is seen to scale linearly with the incident power flux. The measured net erosion rate for C at a heat flux of 2 MW/m 2 is substantial (16 nm/s = 50 cm/burn-y.)
during ELMing H-mode. This measured rate of erosion is about an order of magnitude higher than models used for the ITER divertor design [3] .
Deuterium retention of different materials was measured using the 3 He(d,p) 4 He nuclear reaction [5] . Figure 3 shows the measured deuterium areal density overlayed for two samples which include C, Be, V, Mo, and W after exposure to outer strike point. The total deuterium fluence of 1.2-4.2 × 10 23 /m 2 is higher than the saturation fluence for C, Be and W [7] . For the case of ITER, with a divertor surface area of about 300 m 2 , in-vessel saturated tritium inventory at this areal density for Be and C would be in the range of 8 to 16 g. This would not be a concern. 
ELM-free

METALLIC COATINGS
Under the carbon-contaminated background plasma of DIII-D, metal coatings of Be, V, Mo, and W were exposed to the steady-state outer strike point under ELMing and ELM-free H-mode discharges. Ion beam analysis was performed on the samples before and after the exposure, and the rates of material erosion and tritium retention were measured.. This shows that the erosion rates based on simple sputtering yield calculation, assuming monoenergetic D + ion at 300 eV at normal incident, are consistently higher than the measured value The measured erosion rate for the exposed materials is logarithmically dependent on the atomic weight, as expected for pure materials. In general, mixed material effects are very complex and will have a large impact on surface erosion.
As expected, W shows the lowest erosion rate at 0.1 nm/s. The corresponding measured peak net erosion rate of carbon is 3.7 nm/s. Detailed modeling indicates that, at these plasma conditions, the net erosion of carbon was five times less than the gross sputtering rate at the strike point, due to redeposition of carbon from the surrounding graphite divertor. Under the conditions of this experiment, the measured W rate is more indicative of the gross sputtrering rate, and not a net erosion that would occur in an all W divertor design. Based on the observed location of redeposited W from the highly localized source used for these experiments, it is conservative to assume a similar 80% reduction in net erosion This would show that the net erosion rate of W could be ~200
times lower than carbon, indicating that W may be a more suitable material for the reactor design. Further erosion reduction may be possible by reducing the electron temperature to less than 25 eV [10] . However, there is always the concern of W impurity contamination of the plasma core. Results from ASDEX-Upgrade show that the migration of W from its divertor is acceptable [11] . The applicability of W as a plasma facing material is far from settled. DiMES has observed the presence of arc-tracks on W coatings (and not on Be) which can have significant further impact on net erosion. Similarly, the projection of surface melting under disruptive conditions can also be serious. These effects will have to be studied in more detail, while in parallel, various means to mitigate the damaging effects from disruptions should also be continued.
For beryllium, the situation is also quite complicated, we find that the measured Be erosion rate is about 1/3 of the predicted rate for the ''pure'' material which is similar to the results obtained by PISCES [12] . The intrinsic carbon being deposited and re-eroded from the metallic surfaces, and the formation of different C and Be compounds almost certainly reduces the net erosion of Be. It does not appear, however, to suppress completely the sputtering of beryllium since a continual erosion of Be is confirmed by the spectroscopic measurements of Be II line emission [3] . This reduction in Be erosion caused by the background of carbon is still being investigated For V metal, which is of interest due to its low activation and high-temperature capability, the measured erosion rate is about half of Be, but the retention of deuterium can be twice as high. The reason for this higher retention is uncertain, possibly due to the formation of vanadium hydride. Furthermore, as an initial step to study the interaction of V-4Cr-4Ti alloy and tokamak plasma, short-term exposure tests were conducted to study 
DIMES PLANNING
DiMES program has been developed into a very useful facility to provide integrated plasma surface erosion and deuterium retention data to the PMI study necessary for the ITER and fusion reactor designs. However, the accumulation of necessary knowledge has just begun and much more has to be done. The following tasks and system up-grades are being implemented and planned for the DiMES program.
DiMES sample exposure experiments:
• Continue to support the collection and characterization of carbon dust from DIII-D.
• Continue to expose DiMES samples to higher power discharges of attached plasma.
• Expose DiMES samples to detached divertor plasma.
• Perform disruption experiment on Al metal coating and to study the movement of melted layer.
• Continue the evaluation of other ITER relevant materials.
• Continue to support the evaluation of V-alloy and W-alloy as plasma facing materials.
• Initiate the study of carbon dust formation in DIII-D.
• Investigate the possibility of exposing relevant liquid surface material in DIII-D.
The following hardware upgrades are being planned:
• A heated DiMES sample is proposed to control the temperature of the exposed surface. This is an important parameter for both erosion and deuterium retention effects.
• A midplane DiMES station is proposed to be designed in FY1998 and to be installed FY1999. When the lower divertor and mid-plane DiMES stations are operational, first wall erosion, and impurity transport and entrainment between the divertor and scrape off layer (SOL) can be studied and quantified.
CONCLUSIONS
To support the area of PMI, DiMES is providing vital data in the area of material surface erosion and tritium retention for relevant materials under exposure to well characterized tokamak divertor plasma. Carbon and metallic coatings of Be, V, Mo, and W were exposed to the steady-state outer strike point on DIII-D. For carbon, DiMES data match closely the results of accumulated carbon deposition and erosion, and the corresponding deuterium retention of long term exposure tiles in DIII-D. These results confirm that erosion of carbon will limit the lifetime of carbon plasma facing components for ITER and will have significant safety impacts due to the deposition of tritium saturated carbon. During normal discharges, a W coating can have much longer life than carbon but the concerns of core contamination, erosion due to arcing and under disruptive events will have to be addressed. DiMES will continue to provide valuable data in support of the rapid growth in detailed understanding of PMI in magnetic confinement fusion devices.
